In this paper, magnesium aluminate spinels were prepared by microwave-assisted combustion, using urea as fuel. In order to evaluate the effect of the urea excess used in the synthesis, its mass was added in a range of 1.0 to 2.5 times the stoichiometric amount required. The materials produced were characterized by TGA, FTIR, XRF, XRD, BET, SEM and TEM. The results demonstrated that magnesium aluminate spinel was formed in all solids, but the crystallinity degree and the specific surface area increased according to the amount of urea that was used in the synthesis. The use of excess fuel in the preparation was therefore advantageous, since it eliminated the need of the calcination step, at high temperatures, in order to stabilize the spinel phase and improve the crystallinity of the solid. The heat generated in the combustion process was sufficient to develop the formation of a nanocrystalline structure and produce high purity materials, with a save of 99.4% in energy.
Introduction
The magnesium aluminate, MgAl 2 O 4 , is a typical spinel with a crystalline structure AB 2 O 4 , where A is a bivalent metal cation at a tetrahedral site and B is a trivalent metal cation at an octahedral site of the cubic structure 1 . Due to its low density (3.56 g cm -3 ) and acidity, high melting point (2135 °C), chemical attack resistance, mechanical resistance at high temperatures, excellent optical properties, low thermal expansion coefficient and dielectric constant [1] [2] [3] , sintering resistance and good interaction with the active phase MgAl 2 O 4 has numerous industrial and technological applications. For example, this material has been used as support for metal catalysts to methane reform 4, 5 , decomposition of methane 6 , dehydrogenation of n-butane 2 , ethanol reforming 7, 8 , FischerTropsch reaction 9 , among other processes. For applications such as catalytic support the solid must have a high surface area, usually obtained from small size particles, or low area, associated with high porosity and mechanical resistance, which allows its use as a catalyst carrier [10] [11] [12] . Thus, to choose the synthesis and processing methods for these materials is very important.
There are several processes to prepare nanocrystalline magnesium aluminate, such as sol-gel [13] [14] [15] [16] , co-precipitation 17 , complexation 1, 18 , mechanical milling 3 , mechanical-chemical process 19 , hydrothermal 20 , micro emulsion 21 , combustion method 15, [22] [23] [24] [25] [26] and fast pyrolysis 27 . However, many of those are complex, expensive, have several steps, require long time for synthesis, require high temperatures and produce nonhomogeneous and generally low surface area solids 28 . In the case of solution combustion method, it has been extensively used recently, due to its several advantages, such as simplicity, low cost, short synthesis time and less amount of external energy required, also it produce powders of oxides more homogeneous, more crystalline and of higher purity [29] [30] [31] . This technique basically consists of using aluminum and magnesium nitrates as oxidants and an organic compound (urea, glycine, sorbitol, citric acid, among others) as fuel. It is the heat generated during the combustion reaction between oxidant and fuel (reducing agent) that promotes the formation of the material 28, 29, 32 . A large amount of gases (CO 2 , NO x , N 2 , H 2 O, CO) are also released during the process, and is responsible for the destruction of agglomerates and the formation of micropores in the material, facilitating the access of reagents to the active sites 31, 32 , if the spinel is used as catalyst support.
It has been discovered that microwave irradiation can also be used for the synthesis and sintering of ceramic materials by combustion, being a quicker and more effective way when compared to the use of conventional oven. This is because, unlike what happens in the conventional oven, where the warm comes from external sources, in microwave the heat is generated inside the material. As a consequence, 30 compared the routes of conventional combustion and microwave-assisted combustion. They concluded that the microwave preparation was more advantageous, since the powders had crystals in the range of 20-50 nm, while by conventional oven combustion the powders obtained were presented as agglomerates of fine crystals, in the range of 100-250 nm. Bai et al. 39 performed the synthesis of MgAl 2 O 4 powders by microwave-assisted combustion using various mixtures of the fuels such as starch, urea and glycine. They observed that as the starch content increased in the blend, there was a decrease in crystallite size and an increase in the specific surface area of the solid as a consequence of the higher amount of gases released during the process. On the other hand, Medeiros et al. 40 evaluated the influence of synthesis parameters by microwave-assisted combustion, such as fuel/oxidant ratio, microwave power and calcination temperature of the MgAl 2 O 4 powder structure. According to these authors, in order to form MgAl 2 O 4 with a higher degree of crystallinity and a smaller crystallite size, the combustion reaction must be performed with a fuel/ oxidant ratio less than 1:1, with the microwave operating at a power greater than 675 W, and after the synthesis realizing a calcination at 900 °C. However, in most papers, the authors used long preparation times or high calcination temperatures to obtain the materials, or started from the mixture of the solid precursors on the combustion stage.
Once that Medeiros et al. 40 used fuel/oxidation ratios equal to 0.8, 1.0 and 1.2 for the material synthesis and did not evaluate the influence of use a higher amount of urea during the preparation, this paper intends to investigate the effect of urea in excess on the synthesis by microwave-assisted combustion on the textual and structural properties of MgAl 2 O 4 . In order to do that, during the syntheses process, a mass of urea from 1.0 to 2.5 times the stoichiometric amount required was added, and the materials obtained were characterized by TGA, FTIR, XRF, XRD, BET, SEM and TEM.
Materials and Methods

Samples preparation
The stoichiometric mass of the magnesium nitrate (Mg(NO 3 ) 2 .6H 2 O, SIGMA-ALDRICH, purity ≥ 98%) and aluminum nitrate (Al(NO 3 ) 3 .9H 2 O, SIGMA-ALDRICH, purity ≥ 98,5%) precursors required to obtain MgAl 2 O 4 was weighted, and sequentially it was added to a beaker containing 15 mL of water together with the urea (CH 4 N 2 O, VETEC). The determination of the nitrates masses as well as of the fuel, the urea, were made on the basis of the chemical knowledge of the propellants and explosives, as it was described by Ganesh et al. 30 . According these authors, to synthesize magnesium aluminate spinel by combustion route with urea (total valencies +6), employing Al(NO 3 ) 3 O (g) , where (c) is crystalline and (g) is gas, would require n = 6.66 mol. Therefore, the masses of urea used were 1.0, 1.5, 2.0 and 2.5 times the stoichiometric quantity (~400 g), calculated from n value determined as described by Ganesh et al. 30 , divided by a factor that led to obtaining 1-2 g of magnesium aluminate. After the complete dissolution of the reactants, under continuous heating for 20 min and constant stirring, the concentrated solution was submitted to microwave radiation in a conventional house microwave that was adapted for synthesis, and adjusted to a power of 675 W for 10 min. The blast occurred in less than 3 min, with a white smoke released, the formation of a flame, and finally of a spongy white solid. The materials were carefully collected and triturated, and the powders obtained were not submitted to drying or calcination steps. The prepared samples were identified as MA0U, MA50U, MA100U and MA150U, where MA stands for magnesium aluminate, and the numbers indicate the percentages of excess urea that was used. In order to evaluate the effect of the calcination on the loss of mass and on the crystallinity of the material, the sample MA0U was calcinated with air flow at 900 °C for 4 h, obtaining the sample MA0UC900.
Samples characterization
The thermogravimetric analyzes (TGA) of the solids were performed on a Q600 V20.9 SDT equipment, TA Instruments, under N 2 atmosphere in a range of 10-900 °C, with heating rate of 10 ºmin . In order to identify the formation of magnesium aluminate spinel in the samples, Fourier transform infrared (FTIR) absorption spectrum was recorded employing a spectroscope model IRPrestige-21, from SHIMADZU. The powders of the samples were mixed with KBr and then compressed into a pastille form. The scanning was performed in the range of 400 to 4000 cm -1 . The chemical analysis of materials for the determination of magnesium and aluminum contents was performed by X-ray fluorescence (XRF) on a Shimadzu EDX-720 instrument. The X-ray diffractograms (XRDs) were obtained from a Shimadzu equipment, model XRD7000, using CuKα radiation (0.154 nm). The data was collected in a range of 10 to 80º. The specific surface area of the solids was determined from isotherms of physical nitrogen adsorption at -196 ºC in a TriStar II 3020 equipment from Micromeritics. Before analyzes, the samples (100 mg) were heated under vacuum at 120 ºC for 3 h. The specific surface area values were measured by the Brunauer-Emmett-Teller method (BET), while the pore size distribution was calculated from desorption curve by the Barrett-Joyner-Halenda (BJH) method. The morphologies of the samples were compared by means of scanning electron microscopy (SEM) images on a VEGA 3 equipment, from Tesca, operating at 15 kV. Transmission electron microscopy (TEM) images of the samples, previously dispersed in ethanol, were also obtained using Jeol JEM 1200 EXII equipment. The distribution of particle sizes was done counting only the structures with defined edges, and not larger than 140 nm. TEM images were analyzed using an Image Tool 3.0 program. The particles were counted manually to minimize the error due to the automatic analysis, and the later quantification was made using the Gaussian function of the Origin program.
Results and Discussion
Thermogravimetric curves of the samples obtained from the microwave-assisted combustion synthesis, using different urea contents, are shown in Fig. 1a . Three regions of mass loss were identified, which can be seen more clearly by the DTG curves in Figure 1b . The first (50-150 ºC) and the second (160-330 ºC) region are related to evaporation of the adsorbed moisture and the decomposition of part of the aluminum nitrate, while the third region between 350 and 580 ºC can be attributed to the decomposition of aluminum nitrate and of magnesium nitrate that not reacted 9, 11 . The results are in accordance by Halabi et al. 25 , which identified one weak mass loss event at 136 ºC related to adsorbed residual water, and two strong mass loss events in the 136 ºC-306 ºC and 306 ºC-540 ºC temperature ranges. These regions of mass loss are not present in the profiles of samples MA100U and MA150U, indicating that the combustion of nitrates was completed when an excess of urea above 100% was used during the reaction. It was also observed that there was a decrease in mass loss of the samples as a function of temperature as the amount of urea that was used in the combustion process increased. The values of total mass loss of the samples were located in the range of 3-25%, been the highest value related to the sample prepared without excess urea (MA0U), and the lowest value was observed for the sample obtained with the use of 150% excess of urea (MA150U).
In order to observe the effect of calcination on mass loss was also obtained the thermogravimetric curve of the sample prepared without excess urea, calcined at 900 ºC for 4 h (MA0UC900). From the profiles shown in Fig. 1a , it was noted that, in the case of the non-calcined sample (MA0U), the loss of mass was about 25% and, after calcination (MA0UC900), the mass loss was insignificant, around 2.3%, probably due to evaporation of the moisture from the atmosphere, which was absorbed by the material. No event of mass loss was observed on the DTG curve of this sample, showed in Fig. 1b . It is interesting to note that the mass loss of the MA0UC900 sample was similar to that of the MA150U sample, which was prepared using excess of 150% of urea, that is, when using an excess of fuel, the calcination step can be dispensed. In this way, a material with high thermal and compositional stability is obtained, Figure 1 . TG (a) and DTG (b) of the samples obtained without the use of urea excess, not calcined (MA0U) and calcined at 900 °C (MA0UC900), and with the use of 50% (MA50U), 100% (MA100U) and 150% (MA150U) of urea excess.
as it was observed by other authors who used the method of microwave-assisted combustion 30 . The bands that corresponding to the vibrations of the Al-O bonds of the octahedral AlO 6 groups 42 , and to the network vibrations of Mg-O bonds 43 , which appear in the region of 700-510 cm -1 of the FTIR spectrum shown in Fig. 2a , are typical of the spinel structure of magnesium aluminate 3, 16, 19, 24, 27, 28 . In a recent work, Erukhimovitch et al. 24 detected four main vibrations modes (γ 2 , γ 1 , γ 5 and γ 6 ) at about 523, 692, 828 and 910 cm -1 in the FTIR spectrum of stoichiometric magnesium aluminate spinel. Modes in γ 2 and γ 1 occurred in similar frequency values to those found in this work and were also assigned to vibrations of the trivalent cation (Al 3+ ) located in the octahedral sites. It confirmed that there was also formation of stoichiometric magnesium aluminate spinel in all samples obtained in the present study. The shoulder observed at about 800 cm -1 is consistent with the hypothesis that some Al 3+ ions also occupy tetrahedral positions in the spinel formed 27 . It was observed that all spectra showed very similar profiles, in which bands with absorption maxima around 3500 cm -1 and 1650 cm -1 were identified, attributed to the stretch vibrations of O-H groups, and of H-O-H molecules deformation of the water physically adsorbed and in interaction with MgAl 2 O 4 , respectively 3, 19, 28 ; an absorption band at about 2339 cm -1 , referring to the stretch vibration of C=O bond of the carbon dioxide from the air 27 ; in addition to the band with the maximum absorption, around 1370 cm -1 , attributed to the vibrations of the N-O bond of NO 3-groups. The division of the high-frequency band into two can be explained by considering that a number of Al 3+ ions occupy the sites in the spinel type structure, as indicated to Edwais et al. 44 . When the FTIR spectrum of the four samples (Fig. 2a) is compared, it is possible to note that there is a deepening of the absorption peaks that are related to the Mg-O-Al bonds, which increase in intensity from the MA0U sample to the MA150U sample. The FTIR spectrum also show that a smaller amount of water and residual nitrate is present in the samples prepared with the use of 100% (MA100U) and 150% (MA150U) of urea excess during combustion. These facts indicate that, as the amount of urea used in the synthesis by microwave-assisted combustion increases, the formation Diffraction patterns of the synthesized powders from the use of different amounts of urea in the combustion are shown in Fig. 3 . In all profiles, the presence of the magnesium aluminate (MgAl 2 O 4 ) spinel phase was identified, which belongs to the cubic system and Fd-3m space group. Its main reflections values are present in 2θ equal to 19 .
Comparing the profiles of the samples shown in Fig. 3 , it can be seen that more defined and with higher intensity peaks were obtained as the amount of urea used during the synthesis by microwave-assisted combustion was increased. That is, the crystallinity of the magnesium aluminate increased with the urea content, and the most crystalline material was the one synthesized with 150% excess urea (MA150U). The crystallinity degree values (Cd) of the obtained solids, determined from the equipment used in the XRD analyzes, can be compared from the data in Table 1 .
The average crystallite size of the solids was estimated from the X-ray patterns, using the Scherrer equation and applying the integral width method, defined as the total area under the maximum diffraction peak divided by the peak intensity 45 . The diffraction peak that was considered in the calculations was the one corresponding to the plane (311), which occurs at 2θ = 36.8. A well-known expression of the Scherrer formula was used to determine the average size of the crystallite, L, and can be seen in (1): (1) where λ is the length of the radiation (in this case, CuKα = 0.154 nm); θ is the angle corresponding to the point of the highest intensity diffraction peak; K is an instrumental constant that depends on the shape of the crystallite, which value is considered unitary in the calculation method applied; and β is the integral width of the maximum diffraction peak, which can be determined by using expression (2): (2) in that 2θ 1 and 2θ 2 are the values of 2θ at the initial and final of the highest intensity peak (I) and I max is the intensity value at the maximum point of the diffraction peak. Fig. 2b presents a correlation between the crystallite sizes, the specific surface area of the samples obtained and the excess of urea used in the preparation of the materials by microwave-assisted combustion. The graphic shows that increasing the content of urea during the microwave-assisted combustion process result in an increase of the crystallite size of the material. The smaller size was 19 nm when was used the quantity stoichiometric of urea, while crystallites of about 26 nm were formed when 100% of urea excess was used in the synthesis. These results are in accordance with the ones from the XRD patterns, in which was observed a narrowing of the peaks was found in the profiles of samples MA100U and MA150U, showing that when it is used at least twice the stoichiometric quantity of urea in the synthesis by microwave-assisted combustion, materials with high crystallinity and purity are obtained without the need for subsequent thermal procedures. This means time savings and energy during the preparations.
The average crystallite sizes obtained in this work were of the same order as those of the nanocrystalline MgAl 2 O 4 synthesized by Rashad et al. 46 (25 to 33 nm), which used the co-precipitation method and calcination at 600 to 800 ºC. On the other hand, the values were smaller than the obtained by Erukhimovitch et al. 24 (60 nm), which has synthesized stoichiometric MgAl 2 O 4 spinel by a conventional combustion method, using citric acid as a fuel, or by Torkian et al. 47 (75 nm), which prepared stoichiometric nanoparticles of MgAl 2 O 4 spinel by microwave assisted combustion of an aluminum nitrate nanohydrate and magnesium hydroxide From Fig. 3 it is also possible to note that, when no excess urea is used in the synthesis (MA0U), a less crystalline material is obtained, so that more defined and more intense peaks are observed after the calcination of the solid at 900 ºC (MA0UC900). However, the spinel prepared from the combustion using 150% of urea excess (MA150U) showed a diffraction pattern corresponding to a material with higher crystallinity, even without realize the drying or calcination steps after the reaction in the microwave. All samples presented low values of specific surface area, ranging from 0.2-1.7 m 2 g -1 , as it is shown in the graph on Fig. 2b . However, it was possible to observe that, with the increase of the excess of urea used in the synthesis, there was an increase in the value of the specific area, until the use of 100% excess of urea. Thereafter, no further change in the specific surface area of the material occurred. It is also interesting to emphasize that, according to the materials obtained and the methodology employed in this paper, an increase in crystallite size also resulted in an increase in specific surface area. In this case, it was confirmed that, in fact, "crystallite size" is not a synonymous for "particle size", as it is emphasized by other authors 45, 48 , once that the individual particles may contain several crystallites 41 .
In addition, it is well known that the specific surface area and particle size values have an inverse relation to each other, which can be represented by Eq. (3), where S is the specific surface area (BET), 6 is a constant that is used when a spherical geometry of the particles is considerate, ρ is the specific mass of the compound and d is the particle size 49, 50 . In other words, small particle sizes result in high specific surface area values. The values of the crystallite size, as determined by XRD, and particle size may coincide when the particle is constituted of one single crystal, which can occur with very fine powders, of materials with high specific surface area. In this case, under the conditions of surface area measurement by BET, the N 2 gas will be adsorb by the surface of single crystals and therefore an inver se correlation will be found between the values of specific area and crystallite sizes.
(3)
Using Eq. (3), although the particles do not present a spherical geometry, it is possible to estimate the average particle size values of the synthesized materials in order to infer, in a comparative way, about the effect of fuel excess used in synthesis on textural properties of the materials. The obtained data, expressed in Table 1 , showed that there was a reduction in particle size with the increase of the amount of excess urea used in the microwave-assisted combustion. Samples that were prepared using 100% (MA100U) or 150% (MA150U) of excess urea presented smaller particles, about of 1.0 µm, while the synthesis with stoichiometric quantity of urea led to the solid with the largest value of average particle size (7.7 µm). Therefore, using at least twice the mass of urea required for synthesis by microwave-assisted combustion brings benefits to the textural and structural properties of the material.
It was identified the absence of hysteresis in the nitrogen adsorption and desorption isotherms of the obtained solids, as it can be seen by the curves of samples MA100U and MA150U shown in Fig. 4 . This not mean absence of porosity, but that the formats and sizes of pores presented by the samples may be leading to similar adsorption and desorption processes. Since the AM0U and AM50U samples presented very low and insignificant specific surface area values (Table 1) , and their isotherms did not show a typical format of materials with porosity in the known classes, it was not possible to determine the pore volume and the average pore diameter value. On the other hand, the adsorption isotherms of the samples MA100U and MA150U were similar, presenting a typical Type II profile, characteristic of non-porous materials, macroporous or with diameters superior to those from micropores (Dp < 2 nm). However, from the pore size distribution of samples MA100U and MA150U, shown in Fig. 4 , the presence of macropores (Dp > 50 nm) in the analyzed powders was not identified. For these samples, the pores are in the mesopores class (2 nm < Dp <50 nm), with diameters ranging from 10 to 35 nm. The average pore size was 28-29 nm and the total pore volume value was about to 0.003 cm 3 g -1 ( Table 1) . Morphologies of the samples showed similarities, as it can be seen by the SEM images of MA0U and MA150U samples (Fig. 5) . The particles of the solids presented a format of thin sheets or plates with an irregular geometry and size, which is in accordance with the results obtained by Medeiros et al. 40 . However, it was possible to notice that the particles from the sample MA0U presented a more smooth and homogeneous appearance, appearing a low porosity. On the other hand, the particles of the sample MA150U showed an appearance more rough and porous. These differences are a consequence of the use of distinct fuel masses, urea, during the synthesis by microwave-assisted combustion. When an excess of 150% of urea was used, a greater amount of gases was released during the reaction, causing the formation of void spaces and porosity on the surface of the solid. This also explains the highest specific surface area value of the sample MA150U, which was about eight times greater than that of the sample MA0U. From the SEM images, it is also possible to note that the particles size of the materials varied widely with grains ranging from below 2 µm to above 100 µm. That is, the particles of the obtained materials are large and composed of smaller crystals agglomerates. Hence, the considerable difference between the crystallite sizes determined by XRD and the grain sizes, estimated by BET (Table 1) .
Comparing the TEM images of solids prepared from the use of different masses of urea during the microwaveassisted combustion (Fig. 6) , it can be identified that the plates observed by SEM are, in fact, constituted by an agglomerate of smaller dimensionally particles presenting irregular sizes and shapes. A smaller degree of agglomeration was observed in the image of the sample synthesized with 150% urea (MA150U), which is in accordance with BET data. The decrease in the quantity of particles agglomerates is a consequence of the higher release of gases during the combustion process when excess urea is used, as it was discussed previously.
The particles with defined edges and diameters up to 140 nm, present in the TEM images of the four samples on Fig. 6 , were counted, and the data was organized into statistical graphics of crystallite size distribution, which are shown in Fig. 7 . One can observe that for all samples the diameter is generally an increasing function of the urea excess used in the preparations. The histograms show a narrower crystallite size distributions profile for the sample prepared with lower urea concentration. Higher counts of crystals were observed in the range of 10 to 70 nm. On the other hand, the Gaussian distribution was the amplest for the sample MA150U. In short, the more urea excess was added during the materials synthesis, more of crystallite population was shifted for higher diameters values, and the crystallinity of the solids increased, as confirmed by XRD results.
The average crystallite size values of the solids, determined by TEM (Table 1) presented the same tendency of the crystallite sizes calculated from the XRD data (Table 1) , that is, the higher the amount of urea used in the reaction, the greater the crystallite size of the magnesium aluminate obtained. However, the values were not equal, since an exact correlation between the crystallite sizes obtained by the two techniques would be fortuitous, as it was pointed out by Jiang et al. 51 . In recent studies 24, 26 , non-stoichiometric magnesium aluminate spinel powders were prepared by solution combustion method and presented small and comparable crystallite sizes, estimated at 13-15 nm. It was observed by the authors an accordance between crystallite sizes estimated by XRD and those estimated based on TEM analysis. The discrepancies found by comparing these results with ours could be explained considering that grain size is sensitive to magnesium aluminate spinel stoichiometry, as suggested by the authors, or because of the different sample preparation methods employed.
Conclusions
Nanocrystalline powders of magnesium aluminate spinel were synthesized by the microwave-assisted combustion method using urea as fuel. In order to evaluate the effect of the amount of urea used during the preparation on the structural and textural properties of the obtained materials, several analyzes were carried out by means of different techniques, which allowed to conclude that:
(I) the use of different masses of the fuel, urea, in the synthesis of magnesium aluminate by microwave-assisted combustion, affects the final characteristics of the solid, so that a purer MgAl 2 O 4 spinel, more crystalline, with a higher crystallite average size, smaller particle size, with a higher specific surface area and more porous is obtained when at least 100% urea excess is added to the solution that is containing the reagents prior to exposure to microwave radiation. A more homogeneous and crystalline material was obtained with the use of 150% of urea excess in the synthesis;
(II) the synthesis by microwave-assisted combustion demonstrated to be a fast and efficient method to obtain magnesium aluminate spinel with stoichiometric composition and stable. The use of at least 100% excess fuel in the process still provides an additional advantage, since the drying and calcination steps that occur at elevated temperatures, above 900 °C, which are normally required to obtain a material so crystalline, pure and stable as possible, can be dispensed, once the heat generated during the combustion is sufficient to stabilize the spinel phase and produce nanocrystals. As a consequence, energy is saved when calcination step is not performed. To estimate the amount of energy saved when using microwave assisted combustion, the following rough computation can be done: taking the set power of microwave oven (675 W) multiplied by the time of combustion process (3 min) is about 0.03375 kWh; while for the calcined material, taking the average power of the furnace used for calcination (1390 W) multiplied by the time of calcination process (4 h) one obtains an energy consumption of 5.56 kWh. Thus, the amount of energy saved is about 99.4%, which demonstrate the enormous advantage of the proposed technique.
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